Pathogens affect host populations by reducing viability, fecundity, and competitive ability, as well as affecting community interactions ( Friess and Maillet, 1996 ; Malmstrom et al., 2005b Malmstrom et al., , 2006 Seabloom et al., 2009 ) . Viruses commonly infect wild plants ( MacClement and Richards, 1956 ; Hammond, 1981 ; Mackenzie, 1985 ; Raybould et al., 1999 ; Tugume et al., 2008 ) . However, virus infection is easily overlooked in wild plant populations. Although infections can be visually unapparent ( Oswald and Houston, 1953 ; Thurston et al., 2001 ; Remold, 2002 ) , it is frequently assumed that an absence of visual symptoms (such as leaf mottling or malformation) indicates a lack of virus infection. Moreover, symptoms of virus infection are sometimes diffi cult to distinguish from environmental stresses. For these reasons, in part, virus ecology in natural plant populations has been poorly studied ( Cooper and Jones, 2006 ) .
Because so little is known about the prevalence or effects of virus infection in wild plant populations, much of our understanding of plant-virus interactions comes from economically important plants (e.g., crops, horticultural varieties, and pasture plants). In crops, virus infection can reduce plant growth by depressing photosynthesis, changing metabolism ( Técsi et al., 1996 ) , and altering resource allocation ( Matthews, 1991 ; Radwan et al., 2007 ) . Virus infections can drastically reduce crop yield ( Oerke et al., 1994 ; Picó et al., 1996 ) , resulting in economic losses. Moreover, many virus vectors are diffi cult to control, and for this reason, genetic resistance to virus infection is often the most practical means of controlling crop losses. The use of transgenic crops with virus resistance offers promise for control of problematic viruses. In the United States, 27 crop species with virus-resistance transgenes have been issued permits for fi eld trials, and a handful of crops have been deregulated for commercial production (i.e., squash, papaya, and potato; Information Systems for Biotechnology, 2012 ) .
The commercial release of virus-resistant transgenic crops has motivated research on plant-virus ecology in natural populations ( Cooper and Jones, 2006 ) . Studies investigating plantvirus interactions have focused on a few viruses and have found that virus prevalence can vary with herbivory ) and environment ( Funayama et al., 2001 ; Seabloom et al., 2009 ). In addition, in wild plants, virus infection can affect plant growth, mortality, and seed production ( Friess and Maillet, 1996 ; Funayama et al., 2001 ; Fuchs et al., 2004b ) , but these effects vary among populations ( Mackenzie, 1985 ; Yahara and Oyama, 1993 ; Thurston et al., 2001 ) , species ( Remold, 2002 ; Malmstrom et al., 2005a ) , and environments . Although these data indicate that viruses can affect community dynamics and have fi tness consequences in many wild plants, remarkably little is known about virus prevalence in wild populations. 1 Manuscript received 24 October 2011; revision accepted 24 April 2012. The authors thank L. Shipman, R. Prendeville, K. Laughlin, and S. Miller for fi eld assistance, R. French and E. Barry for laboratory assistance, B. Falk for providing virus detection protocol, and anonymous reviewers for comments on an earlier version of the manuscript. Work was funded by USDA-BRAG#05-03806 to D.P. and T.J.M., University of Nebraska SBS Special Funds to H.R.P., and a U.S. Department In samples analyzed by both ELISA and RT-PCR, RT-PCR detected 6-44% more viruses than did ELISA. Eighty percent of these infections did not cause any visually apparent symptoms. In our samples, the virus-resistance transgene was not present.
In 30 published studies, 92 of 146 tested species were infected with virus, and infection rates ranged from 0.01-100%. Most published studies used ELISA, suggesting virus prevalence is higher than reported. • Conclusions: In wild C. pepo , the demographic effects of virus are likely highly variable in space and time. Further, our literature survey suggests that such variation is probably common across plant species. Our results indicate that risk assessments for virus-resistant transgenic crops should not rely on visual symptoms or ELISA and should include data from multiple populations over multiple years.
southwestern United States and throughout Mexico ( Wilson, 1993 ) . Approximately 10% of commercial squash, also C. pepo , is grown within the native range ( USDA-NASS, 2011 ). Wild gourd is an annual, herbaceous vine that grows in fl oodplains, disturbed areas, and roadside ditches, and produces buoyant gourds, which are dispersed by water ( Wilson, 1993 ) . Cucurbita pepo depends on animal pollination for fertilization, and outcrossing distances can exceed 1.25 km ( Kirkpatrick and Wilson, 1988 ) . In addition, the viruses that commonly infect and cause mosaic symptoms on cultivated summer squash have been reported in wild C. pepo ( Quemada et al., 2008 ) . However, the prevalence of individual virus species in wild C. pepo populations is poorly understood. The viruses that commonly cause mosaic diseases/symptoms on cultivated summer squash include three species in Potyviridae : Papaya ringspot virus (PRSV), Watermelon mosaic virus (WMV), and Zucchini yellow mosaic virus (ZYMV); one in Bromoviridae : Cucumber mosaic virus (CMV); and one in Secoviridae : Squash mosaic virus (SqMV) ( Provvidenti et al., 1978 ; Fuchs and Gonsalves, 1999 ) . The fi rst four viruses infect a variety of host plants and are nonpersistently transmitted by aphids. SqMV is beetle transmitted. These viruses can drastically reduce yield in cultivated squash ( Fuchs and Gonsalves, 1995 ) by stunting growth; causing mottling, discoloration, and malformation of leaves, fl owers, and fruits; reducing fruit production; and occasionally causing death ( Walkey, 1991 ; Fuchs and Gonsalves, 1995 ; Gianessi et al., 2002 ) .
One strategy used by farmers in the United States to reduce economic losses associated with virus infection is the cultivation of virus-resistant transgenic squash. Virus-resistant transgenic squash was among the fi rst transgenic crops made available for commercial production without regulation in the United States ( APHIS-USDA, 1994 ) and has been fi eld tested in Mexico ( Alvarez-Morales, 2000 ) . Transgenic cultivars contain one of two transgenic constructs, called ZW-20 and CZW-3. Both constructs confer resistance to ZYMV and WMV; CZW-3 also confers resistance to CMV.
Survey of wild C. pepo populations -In the south-central US, we surveyed wild C. pepo populations for the virus-resistance transgene and virus infection. Populations were surveyed in July through September when plants were fl owering and gourd production was underway (collection dates and locations in Appendix S1 [see Online Supplemental Data with the online version of this article]). Wild C. pepo populations were located by searching in and around areas listed in herbarium records, at sites suggested by John Byrd (Mississippi State University, personal communication), Karen Laughlin (Environmental Protection Agency, personal communication), Leon Shipman (Gilbert, Arkansas, personal communication), and Hector Quemada (Donald Danforth Plant Science Center, personal communication) and reported by Decker-Walters et al. (2002) . GPS coordinates were noted for all populations (online Appendix S1), and each site was named after the nearest town. Wild C. pepo populations occurred in abandoned and active pastures, agricultural crops, waysides, roadside ditches, and wild riparian areas. Samples collected from locations within ~3 km are considered a single population due to outcrossing distances ( Kirkpatrick and Wilson, 1988 ) and local gourd dispersal.
Because wild C. pepo is a vine and seeds from a single gourd often germinate in close proximity, it can be diffi cult to distinguish individual plants. For this reason, leaf samples were only collected from obvious individuals at a site or only one sample was haphazardly collected from a cluster of plants. Sample sizes at each site are listed with virus prevalence data (see Results). In addition, we noted for each sample whether typical symptoms of mosaic diseases were present. For each sample, 2-3 unexpanded, young leaves were pinched off at the base of the petiole and stored in a 50 mL screw cap tube. Each tube was fi lled to the 20 mL mark with a desiccant (Drierite, W. A. Hammond Drierite, Xenia, Ohio, USA) and topped with a tissue to separate the desiccant from leaf samples. Drierite was replaced based on indicating color change to permit complete drying of leaf samples.
In 2004, wild C. pepo plants were sampled from Louisiana (two sites), Missouri (two sites), and Oklahoma (one site). In Arkansas, seven sites were sampled in 2004, and one of these seven sites was sampled in 2007. In Mississippi, a total of six sites were sampled, with two sites sampled in 2004, fi ve sites sampled in 2005, and six sites sampled in 2006 and 2007. From these collections, we assayed 1143 leaf samples for virus infection and 1256 leaf samples for the virus-resistance transgene. Most samples were analyzed for viruses and the transgene; however, due to limited tissue availability, some samples were only analyzed for one or the other.
Virus detection -Wild C. pepo samples were assayed for viruses using antigen-coated plate enzyme-linked immunosorbent assay with an alkaline phosphatase label (ACP-ELISA; Agdia, Elkhart, Indiana, USA; 545 samples), or reverse transcriptase polymerase chain reaction (RT-PCR; 176 samples), or both methods using duplicate samples (422 samples).
When transgenic crops are grown in proximity to wild relatives, one ecological risk is crop-wild hybridization followed by the introgression of transgenes into wild relatives ( Tepfer, 2002 ; Pilson and Prendeville, 2004 ; Thompson and Tepfer, 2010 ) . In particular, if an introgressed transgene provides a fi tness benefi t to the wild population (e.g., resistance to pathogen attack), its frequency will increase by natural selection. If, in addition, the size or dynamics of the wild plant population is limited by pathogen attack, then the plant population may increase in size or become weedier. In this way, natural habitats could be negatively affected by transgenes introgressed into wild populations. For example, in an investigation of transgenic virus-resistance in Trifolium repens , Godfree et al. (2007 ) found that an experimental population into which transgenic virus resistance had been introgressed had a 15% higher intrinsic growth rate in the presence of virus compared to a nontransgenic population. In addition, Godfree et al. (2007 ) predicted that transgenic populations could expand their range into marginal habitats.
The potential for crop-wild hybridization followed by introgression is a concern when cultivated squash ( Cucurbita pepo ; Wilson, 1993 ] . Wild and cultivated plants readily interbreed ( Quesada et al., 1996 ) , and gene fl ow from cultivated nontransgenic plants to wild C. pepo has been documented ( Decker, 1988 ; Wilson, 1990 Wilson, , 1993 Decker-Walters et al., 2002 ) , suggesting that transgenes will similarly move into wild populations. Experimental crosses and natural hybridization in experimental fi elds between transgenic-cultivated and wild C. pepo have produced viable hybrids that express transgenic resistance ( Spencer and Snow, 2001 ; Fuchs et al., 2004a ) . Moreover, in common garden experiments, virus infection reduces seed production in wild C. pepo , and transgenic resistance introgressed into wild plants has fi tness benefi ts in the presence of virus ( Spencer and Snow, 2001 ; Fuchs et al., 2004b ; Laughlin et al., 2009 ; Sasu et al., 2009 ) . These data suggest that if the virus-resistance transgene introgresses into wild C. pepo populations, and if virus infection limits wild C. pepo population size, then expression of transgenic resistance could allow populations to increase in size.
Although virus-resistant transgenic squash has been commercially available for over 15 years ( APHIS-USDA, 1994 ), wild C. pepo populations have not been monitored for transgene introgression. Virus is present in wild C. pepo populations ( Quemada et al., 2008 ) . However, little is known about the temporal and spatial patterns of prevalence of individual virus species. Furthermore, since the effects of individual virus species are not equivalent ( Hull, 2002 ) , it is diffi cult to predict the effect of transgenic virus-resistance on wild C. pepo populations.
In the work presented here, we had three objectives. First, we surveyed wild C. pepo populations in the south-central United States over 4 years for fi ve virus species and species within one virus genus. Second, we examined these same populations for the presence of virus-resistance transgenes. Finally, to determine whether prevalence patterns observed in C. pepo are similar to patterns observed in other species, we reviewed literature reporting virus infections in wild plant populations and then compared our virus-incidence data to infection rates reported for other species. botanical gardens, and parks, as other reviews have examined virus prevalence in these habitats ( Duffus, 1971 ; Bos, 1981 ; Thresh, 1981 ; Cooper and Jones, 2006 ) . Some studies presented data from both cultivated and wild populations of the same species, and to the best of our knowledge, we included only data from wild populations (not feral or volunteer crops). In addition, we only included studies in which the sample sizes were a minimum of 10 plants per species per site, or if the study explicitly stated that all individuals of a species were collected in a site. Finally, we only included studies in which it was clearly stated that samples were collected regardless of symptoms, randomly, or included both symptomatic and asymptomatic/unapparent samples.
MATERIALS AND METHODS

Field survey for virus infection and transgenic virus resistance in
Data presented here include plant and virus families and species when available. Plant virus families are those recognized by the International Committee on Taxonomy of Viruses (2009) . For the purposes of this review, Barley yellow dwarf virus and Cereal yellow dwarf virus prevalence is grouped across all serotypes.
RESULTS
Survey of wild C. pepo populations -Virus prevalence -In 2004, at least one of the surveyed viruses (CMV, WMV, ZYMV, PRSV, SqMV, or aphid-transmitted viruses in the genus Potyvirus ) was detected in 12 of the 14 sampled populations. Within the infected populations virus, prevalence ranged from 8-74%, but was typically less than 30% ( Fig. 1 ). Furthermore, 80% of infected plants exhibited no visual symptoms ( Fig. 1 ) and would have been missed in a visual survey of virus prevalence. Prevalence varied dramatically among virus species ( Tables 1, 2 ). We detected no PRSV in 2004. In contrast, SqMV was present in eight of 14 populations, and in these eight populations 2-40% of plants were infected. CMV, WMV, and ZYMV were less common than SqMV and were each found in ≤ 8% of plants in ≤ 7 populations (except one population in which 33% of plants were infected with ZYMV). One or more potyviruses (including ZYMV, PRSV, and WMV) were present in 2-70% of sampled individuals in 10 of the 14 populations.
In populations surveyed in Mississippi from 2004 to 2007, prevalence varied among years ( Table 2 ) . As in the broader geographic survey, SqMV and potyviruses as a group were more common than CMV, PRSV, WMV, and ZYMV separately.
For the ELISA, 15-20 mg of dried leaf material was added to 96-well plates with a glass bead and sent to testing services at Agdia. In each plate, we included a positive control for each of the fi ve viruses and three negative controls to which Agdia was blind. We verifi ed these positive controls using RT-PCR, since RT-PCR is more sensitive than ELISA for RNA virus detection ( Hu et al., 1995 ) . To each plate, Agdia added a second set of positive controls for each virus and two negative controls. Agdia homogenized and analyzed samples for fi ve viruses common in cultivated squash fi elds (CMV, PRSV, SqMV, WMV, ZYMV) and also all aphid-transmitted viruses within the genus Potyvirus by ELISA in a 96well plate or using lateral fl ow immunoassay (Immunostrip tests, Agdia) for SqMV. Although there are over 143 Potyvirus species, only ~10 are known to infect squash ( International Committee on Taxonomy of Viruses 2009 ).
For RT-PCR, total RNA was isolated from each sample by homogenizing 1-5 mg of dried leaf and extracting with 1 mL of TriPure isolation reagent (Roche Diagnostics, Indianapolis, Indiana, USA). The extract was transferred to a 2.0 mL microcentrifuge tube, 0.25 mL of chloroform was added, and tubes were twice vortexed for 20 s. The extract was incubated for 10 min at room temperature and centrifuged at 12 000 × g for 20 min at 4 ° C. Total RNA was precipitated from 0.7 mL of the aqueous phase by adding 0.6 mL of isopropanol and incubating at room temperature for 10 min. RNA was pelleted at 14 000 × g for 20 min at 4 ° C. The RNA pellet was washed with 0.75 mL of 75% ethanol, drained, and allowed to air dry. The pellet was then resuspended in 0.05 mL of RNase-free water. RNA concentration was quantifi ed using NanoDrop (Thermo Fisher Scientifi c, Wilmington, Delaware, USA). RNA was amplifi ed using a two-step RT-PCR with oligonucleotide primers specifi c to each of the fi ve viruses using methods and primer sequences provided by Bryce Falk, University of California-Davis (for primers and RT-PCR protocol see Appendix S2 with online Supplemental Data). Amplicons were viewed in 2% agarose gel electrophoresis. RT-PCR was not used to assay for the potyviruses as a whole group.
Over 400 samples were analyzed for virus using both ELISA and RT-PCR. When results differed between tests, the results of RT-PCR are reported since this assay is more sensitive. We used differences in detection between these two methods to provide an estimate of error.
Transgene detection -In 810 samples, DNA was extracted from 10-20 mg of dried leaf tissue per sample using DNeasy Plant Mini kits (Qiagen, Valencia, California, USA) and a portion of the transgene conferring resistance to ZYMV, which is found in both lines of virus-resistant transgenic squash (ZW-20 and CZW-3), was amplifi ed using PCR (primer sequences and protocol in Spencer, 2001 ) . Positive and negative controls were present in each round of DNA amplifi cation. Amplicons were viewed with gel electrophoresis using 2% agarose gel with ethidium bromide. To expedite the analysis of samples, we had the company GeneSeek (Lincoln, Nebraska, USA) assay the remaining 446 samples for the transgene. In 96-well plates, DNA was extracted from ca. 16.5 mm 2 of dried leaf per sample. Each plate had at least two negative controls and four positive controls from cultivated varieties of nontransgenic and transgenic squash, respectively. PCRs were performed using primers designed to amplify a portion of the transgene conferring resistance to WMV (found in both lines; primer sequences and protocol in Wall et al., 2004 ) . GeneSeek tested a subset of samples with both the Spencer (2001) and Wall et al. (2004) primer sets and then used the primers amplifying a portion of WMV as it gave more consistent results with their system. GeneSeek viewed amplicons with an IR fl uorescent system (LI-COR, Lincoln, Nebraska, USA). Positive controls, negative controls, and 102 samples were analyzed using both ZYMV transgene primers in our laboratory and WMV transgene primers by GeneSeek and yielded the same results.
Literature survey -Data on virus prevalence in wild plants are dispersed among the fi elds of ecology, virology, agronomy, plant pathology, and probably others, which makes it diffi cult to locate all published work. Thus, to compile data on plant virus prevalence in natural ecosystems, we searched for papers with keywords "wild plant virus incidence" and "wild plant virus prevalence" in three databases: ISI Science Citation Database from 1950 to 2011, AGRICOLA from 1970 to 2011, and Google Scholar. In addition, we searched for "virus incidence" and "virus prevalence" in journals of the American Phytopathological Society and in JSTOR within the following categories: Biological Sciences, Botany and Plant Sciences, and Ecology and Evolutionary Biology. Also, we examined all references cited in reviews of plant-virus ecology ( Bos, 1981 ; Thresh, 1981 ; Cooper and Jones, 2006 ) .
In this literature summary, we only included studies that present data on noncultivated terrestrial vascular plants. We defi ne noncultivated plants as those plants growing in the absence of direct human assistance (e.g., by seeding, fertilizing, tilling, selective weeding to promote growth). Thus, we did not include data from studies of virus prevalence in crops, fallow fi elds, pastures, these data indicate that potyvirus prevalence is higher than detected by the potyvirus assay.
In addition, when comparing virus detection methods, we found 68 samples tested positive with RT-PCR, but negative with ELISA, while nine samples tested positive with ELISA, but negative with RT-PCR. These data are consistent with other reports indicating that RT-PCR is more sensitive than ELISA ( Vunsh et al., 1990 ) . For example, ELISA did not identify virus in 44% and 30% of PRSV and ZYMV positive controls, respectively ( Table 3 ). In contrast, RT-PCR detected virus in all positive controls of CMV, PRSV, and ZYMV, but missed 16% of positive controls of both SqMV and WMV. Overall, RT-PCR detected 6-44% more positive controls than ELISA ( Table 3 ) , indicating that the accuracy of ELISA varies among virus species.
Prevalence varied among sites, but differences among sites were not consistent across years. For example, in Mississippi, WMV was detected in only two populations, but in different years. In 2007, rainfall was below average and was lower than annual rainfall in years 2004 to 2006 ( National Climatic Data Center 2009 ), wild C. pepo were few and very small, and none were infected with any of the assayed viruses.
Results of the potyvirus group test were not always consistent with the results of assays for individual potyviruses (PRSV, WMV, and ZYMV; Table 2 ). Of the 173 samples that tested positive for PRSV, WMV, and/or ZYMV, only 58% were also positive for the potyvirus group test. The difference was not due to the virus detection method because the majority of these positive samples were tested with ELISA (161 samples). Thus, Arkansas  Alpena  30  0  40  0  0  3  27  Berryville  23  0  13  0  0  0  22  Bigelow  14  0 (2009) , 11 have been investigated in wild plant populations. In three of these families (i.e., Luteoviridae , Potyviridae , and Alphafl exiviridae ), multiple virus species have been surveyed in 10-77 wild plant species (Appendix S3; Table 4 ). The other eight virus families have not been examined as well, with one to two virus species per virus family surveyed in one to four plant species. To date, six virus species infecting wild plant populations have not been assigned to a virus family, but were included in this literature survey.
DISCUSSION
Virus infection is frequent in wild C. pepo. At least one of the fi ve viruses surveyed was present in 17 of 21 wild C. pepo populations and prevalence ranged from 4-74%. Among wild C. pepo populations sampled in the south-central United States in 2004, the median virus prevalence was 16.5%, and the average virus prevalence was 23% ( Table 1 ) . Similar trends were observed in four populations surveyed over 3 to 4 years in Mississippi: a median virus prevalence of 25% and an average virus prevalence of 24% ( Table 2 ) . These results are consistent with those of Quemada et al. (2008) , who presented virus prevalence pooled for CMV, WMV, and ZYMV. Furthermore, multiple viruses were present within populations ( Table 2 ) and within individual host plants. In addition, virus prevalence varied among years, wild C. pepo populations, and virus species.
These results are similar to patterns found in our literature survey, where 63% of tested plant species were infected, and prevalence ranged from 0.1-100% in infected populations (Appendix S3). In addition, our empirical results, as well as our literature survey, are consistent with reviews of virus prevalence in plants near cultivated fi elds ( Duffus, 1971 ; Bos, 1981 ; Thresh, 1981 ; Cooper and Jones, 2006 ) . Clearly, virus infection is common in wild plant populations. Moreover, similar patterns of annual and spatial variation are apparent in both our empirical survey of wild C. pepo populations and in our literature survey. Among wild C. pepo populations, spatial variation is apparent even among populations well within the dispersal distances of virus vectors ( Taylor, 1979 ) .
In our fi eld survey, 80% of infections were visually unapparent ( Fig. 1 ) . Visually unapparent infections were common in the literature survey as well (Appendix S3; Muthukumar et al., 2009 ) .
While our fi nding that RT-PCR is more sensitive than ELISA is consistent with previous work ( Vunsh et al., 1990 ) , our results also suggest that neither method is 100% accurate. Positive controls not detected by RT-PCR could be due to human error during inoculation or analysis. Nonetheless, these results suggest that our estimates of virus prevalence in wild C. pepo , which are primarily based on ELISA, are underestimates of true virus prevalence. Literature survey -We found 30 studies that examined virus prevalence in 146 wild plant species. Viruses were detected in 92 of the 146 plant species. Within infected populations, between 0.01 and 100% of plants were infected ( Table 4 ; online Appendix S3).
Approximately 5% of vascular, terrestrial plant families have had at least one species investigated for virus prevalence in a natural setting. More than half of the 146 plant species studied are perennials. Poaceae is the most studied plant family with 77 species examined for virus infection, followed by Fabaceae with 14 species surveyed. Other plant families have had just one to eight species investigated. More than half of these studies have monitored virus prevalence at fewer than 10 sites and for only one year. Overall, it is evident that virus-infected plants were present in many of the wild populations studied. However, virus infection was variable among sites, years, plant species, and virus species ( Table 4 ; online Appendix S3).
Few studies have reported the presence or absence of visually apparent virus symptoms in infected wild plants. However, from these studies it is clear that not all virus infections produce visual symptoms. In addition, the frequency of visually unapparent infections varies among plant species, virus species, and among sites (Appendix S3). For instance, 45-86% of Brassica nigra (L.) W.D.J. Koch and 50% of Brassica rapa L. had visually unapparent infections of Turnip crinkle virus , and 60-100% of B. nigra and 0% of B. rapa had visually unapparent infections of Turnip yellow mosaic virus (Appendix S3).
Furthermore, the presence of multiple infections was rarely quantifi ed, but when examined, multiple infections were frequently detected (Appendix S3). For instance, multiple infections were found in 20-100% of Arabidopsis thaliana L., 0-24% of C. pepo , 8% of B. nigra , 6-16% of B. rapa , and 54% of B. oleracea in surveyed populations (Appendix S3). Also, in Carlsson and Elmqvist, 1992 ; Fowler and Clay, 1995 ) , and virus infection in Eupatorium ( Funayama et al., 2001 ) are known to affect plant population growth. Furthermore, seed addition experiments fi nd that populations are seed-limited about 50% of the time (reviewed in Turnbull et al., 2000 ) . Thus, it seems likely that virus infection has population-level consequences in many wild plant species, including wild C. pepo . For example, in a common garden experiment, the population growth rates of wild C. pepo from three different populations infected with CMV are reduced in comparison to plants from the same population without virus ( Prendeville, 2010 ) . However, the effect of ZYMV on wild C. pepo varies among populations, indicating that plant-virus interactions are idiosyncratic among virus species and plant populations.
It might be argued that visually unapparent infections have little to no effect on plant fi tness. But interestingly, virus symptoms are not consistently related to virus concentration ( Thurston et al., 2001 ; Pallett et al., 2002 ) , and virus concentration and plant fi tness are not always correlated ( Pagán et al., 2007 ) . In addition, visually unapparent virus infection can increase or decrease plant fi tness relative to the fi tness of uninfected plants ( Remold, 2002 ) . Taken together, it is not clear how unapparent virus infections affect plant fi tness. Therefore, these data suggest that studying the effect of virus infection on wild plant fi tness or population dynamics will require frequent serological and/or molecular assays for infection throughout the growing season. Moreover, similarly variable amounts of herbivore damage ( Louda and Potvin, 1995 ; Maron and Simms, 1997 ) , fungal patho- ( Hammond et al., 1999 ) . In addition, virus infection may also affect the growth and reproduction of insects feeding on infected plants ( Hull, 2002 ) . Most of our understanding of plant-virus interactions is derived from cultivated plants. However the ecology of agroecosystems frequently differs from natural ecosystems such that interactions that are common in managed systems may be rare in wild systems. For instance, viruses that commonly infect horticultural orchids were absent in wild populations of orchids (Appendix S3; Zettler et al., 1978 ; Kawakami et al., 2007 ) . Similarly, PRSV is widespread in cultivated squash ( Davis and Mizuki, 1987 ; Ullman et al., 1991 ; Yuki et al., 2000 ) , but was rarely present in wild C. pepo populations ( Tables 1, 2 ) . In addition, viruses that typically reduce crop yield may provide fi tness benefi ts to plants in natural ecosystems. For example, Remold (2002) found that wild populations of Setaria lutescens infected with serotypes of Barley yellow dwarf mosaic virus had 25% greater fi tness in one year and similar fi tness in another year compared to uninfected plants. However, the mechanism underlying this benefi t has not been investigated. Finally, infection by an avirulent virus may reduce susceptibility to infection by additional viruses (cross protection: Wen et al., 1991 ) , resulting in complicated patterns of infection and fi tness consequences of the infection. For all of these reasons, our knowledge of viruses from managed systems should be cautiously extrapolated to wild plant populations, particularly when trying to predict the ecological risks associated with using virus-resistant transgenic crops.
An ecological risk associated with the use of transgenic crops is crop-wild hybridization followed by the introgression of transgenes into wild populations ( Darmency, 1994 ; Tepfer, 2002 ; Pilson and Prendeville, 2004 ) . Because experimental work with C. pepo suggests that virus infection can reduce seed production by 80-100% ( Fuchs et al., 2004b ; Laughlin et al., 2009 ) , it seems likely that natural selection would favor transgenic resistance if it were present in wild populations. Thus, if C. pepo populations are seed-limited, population size could increase in populations with transgenic resistance. In addition, there is no direct fi tness cost of the virus-resistance transgene in wild C. pepo ( Laughlin et al., 2009 ) , although there may be an indirect cost due to herbivores and other pathogens ( Sasu et al., 2009 ) .
To examine potential transgene introgression, we assayed hundreds of wild C. pepo plants for the virus-resistance transgene. However, the virus-resistance transgene was not present in any of our samples. Many factors likely contributed to this result. First, none of the sites sampled were in close proximity to fi elds of virus-resistant transgenic squash. This may be typical because in the United States only about 18% of total summer squash production consists of transgenic varieties ( Johnson et al., 2007 ) and about 90% of squash production occurs outside the range of wild squash ( USDA-NASS, 2011 ) . Moreover, in regions of overlap, the distance between wild C. pepo populations and squash production fi elds is often farther than pollinators travel (H.R. Prendeville, personal observation), thus limiting the opportunities for cross pollination. Another factor limiting hybridization is a reduction of wild C. pepo populations. Personal observations and anecdotal evidence from farmers suggest that the number and size of wild C. pepo populations have declined due to the use of herbicide-resistant transgenic crops (e.g., Round-up Ready cotton and farming in riparian areas).
Little is known about processes affecting virus prevalence in natural plant populations. However, in agricultural systems, virus prevalence varies due to virus competition within host plants and vectors; host genetic diversity; and vector transmission effi ciency, abundance, and behavior ( Power, 1991 ( Power, , 1996 Hull, 2002 ) . Some of these processes are affected by environmental variables such as air temperature, wind speed, and solar radiation ( Klueken et al., 2009 ) . In wild populations, host genetic diversity is typically greater than in agricultural fi elds, suggesting that virus prevalence may be more variable as well. In addition, in wild populations the biotic community in which the host exists in is also likely to affect virus infection ( Malmstrom et al., 2006 ; Seabloom et al., 2009 ) , as it does for herbivory ( Stiling and Rossi, 1996 ) . Thus, in comparison to agricultural systems, virus infection rates are probably at least as, if not more, variable in wild populations. Our data and literature review demonstrate highly variable infection rates in wild populations and thus, are consistent with this suggestion.
Genetic variation for resistance to virus infection almost certainly contributes to variation in virus prevalence. Genetic variation for resistance is common in plant-pathogen systems ( Thrall et al., 2002 ; Caicedo, 2008 ; Salvaudon et al., 2008 ) and has been documented for virus resistance in wild populations of A. thaliana ( Pagán et al., 2007 ( Pagán et al., , 2008 and Trifolium repens ( Godfree et al., 2007 ) . Genetic variation for resistance can affect virus concentration and the degree to which the virus infection affects plants ( Pagán et al., 2009 ( Pagán et al., , 2010 . Several studies have found that virus-infected plants have reduced fi tness relative to healthy plants (e.g., Friess and Maillet, 1996 ; Fuchs et al., 2004b ; Pagán et al., 2009 ) . These data suggest that resistance alleles should increase in frequency. However, some studies have found either direct ( Tian et al., 2003 ) or indirect ( Sasu et al., 2009 ) costs of resistance to pathogen infection. If such costs are present, then balancing selection may act to maintain variation for resistance in populations ( Bergelson et al., 2001 ) . Moreover, genetic variation for resistance to attack by insect vectors will also contribute to variation in virus prevalence, and natural selection for reduced virus infection could act indirectly through vector resistance as well as directly through virus resistance itself.
Plant community composition can also affect pathogen incidence in plants ( Burdon and Chilvers, 1982 ; Alexander, 2010 ) . In fi eld experiments, both species richness and presence of a dominant species were negatively correlated with pathogen load . In addition, the presence of an invasive species indirectly increased virus incidence in a native species, whereas in the invasive species there was no relationship between virus incidence and the native species ( Malmstrom et al., 2005b ) . As plant species are introduced and climate changes occur plant community composition will be altered ( Vitousek et al., 1997 ; Walther et al., 2002 ) . However, it is unclear how alterations in plant community composition will affect virus incidence (but see Garrett et al., 2006 ) .
From our literature survey and fi eld survey of C. pepo , it is evident that many wild plant populations typically host multiple virus species ( Tables 1, 2, 4 ) , and occasionally multiple virus species infect individual plants (online Appendix S3). Knowledge of how single or multiple virus species affect wild plant populations and community dynamics is limited (but see Funayama et al., 2001 ) . In general, multispecies interactions can have demographic and evolutionary consequences for plant populations that differ from outcomes predicted by pairwise interactions ( Hougen-Eitzman and Rausher, 1994 ; Iwao and Rausher, 1997 ) . For instance, within a plant infected with multiple virus The data presented here demonstrating that wild C. pepo is frequently infected with virus is in contrast to the ecological risk assessment used to deregulate virus-resistant transgenic squash ( APHIS-USDA, 1994 ) . In the ecological risk assessment, an unstated number of wild C. pepo plants from 14 sites in fi ve counties in Arkansas, Louisiana, and Mississippi were visually assessed for virus symptoms, and samples were collected to further test for seven viruses, which included the fi ve viruses assayed in this study. This ecological risk assessment found no visual symptoms of virus infection (except one population with slight chlorosis), and no virus was found in any of the analyzed samples. In contrast, we found virus prevalence of CMV, WMV, and ZYMV as high as 54% in a single population of wild C. pepo , although low to no virus prevalence was observed in some years and populations. Furthermore, it is incorrect to assume that infections can be detected visually ( APHIS-USDA, 1994 ), since data presented here indicates that unapparent virus infections are frequent ( Fig. 1 ) . Since virus prevalence is variable and symptoms are frequently unapparent, it is necessary to monitor multiple populations over multiple years to appropriately assess the ecological risk of using transgenic crops with virus resistance.
Understanding patterns of virus infection depends on accurate detection tools. Only recently have cost-effective serological and molecular tools become available to allow large numbers of plants to be assayed for virus infection (reviewed in López et al., 2003 ; James et al., 2006 ) . However, as reported here and elsewhere ( Figueira et al., 1997 ; Berniak et al., 2009 ) , the accuracy of virus detection varies among serological and molecular methods. In general, serological methods such as ELISA are less sensitive than molecular methods, such as RT-PCR or PCR since these techniques can detect virus at low concentrations ( Hu et al., 1995 ; Shang et al., 2011 ) . In our literature survey, 20 studies used ELISA, while three studies used either RT-PCR alone or in conjunction with ELISA (Appendix S3). Thus, it seems likely that virus prevalence is higher than is typically reported. This conclusion is consistent with our fi eld survey. In wild C. pepo samples analyzed by both ELISA and RT-PCR, overall virus prevalence was 1.4% by ELISA and 11.6% by RT-PCR. Even though the accuracy of virus detection can differ among methods by an order of magnitude, this difference is rarely noted in studies of virus prevalence. As detection methods are refi ned and developed (e.g., pyrosequencing, Roossinck et al., 2010 ) so will the accuracy of detecting virus incidence in wild plant populations.
Conclusions -Viruses are common in wild C. pepo populations and indeed in many wild plant populations. In addition, virus prevalence varies among years, sites, plant species, and virus species. In wild C. pepo , the demographic effects of virus (which are known to be substantial in fi eld experiments) are likely to be variable in space and time. Visually unapparent infections are very common, and this is probably one reason that the effect of virus in wild plant populations is underappreciated. Risk assessments for virus-resistant transgenic crops should not rely on visual symptoms, and should include data from many populations over multiple years. 
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